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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CONTRACTOR REPORT CR-21 

HUMAN TRACKING PERFORMANCE 

UNDER TRANSVERSE ACCELERATIONS 

Human performance was measured f o r  con t ro l  d i sp lay  para- 

meters during p o s i t i v e  and negative tranaveree acce le ra t ion  

("eyeballs i n "  and "eyebal ls  out").  

a compensatory t racking  task i n  p i t c h  and r o l l  using a two-axle 

side arm c o n t r o l l e r  and a CRT att i tude d i sp lay  with a moving 

horizon. Three acce le ra t ion  l e v e l s  were used, each cons i s t ing  

of a two minute duration. 

Five subJec ts  were given 

Performance was measured by the  i n t e g r a l  of absolute  

e r r o r  i n  both the  p i t c h  and r o l l  axes. 

In performance i n  the p i t c h  a x i s  w i t h  increased acce le ra t ion  

but  d i f f e rences  i n  the r o l l  ax l e  w e r e  shown only f o r  one analysis 

model of two. No d i f f e rences  were recorded i n  performance due 

t o  d i r e c t i o n  of t he  acce lera t ion .  Physical con t ro l  character-  

i a t i c a ,  such as pre-load and spr ing constant,  d id  not a f f e c t  

performance o r  i n t e r a c t  w i th  accelerat ion.  

a f f e c t e d  performance but  d i d  not i n t e r a c t  wi th  acce lera t ion .  

There waa a decrement 

A i r c r a f t  dynamics 
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Chane;ing con t ro l  s e n s l t l v l t y  d id  not a f f e c t  measured per- 

formance. Visual e r r o r  feedback, which averaged performance 

over a period of time, improved performance I n  p i t o h  and de- 

graded performance i n  r o l l .  

Subjective eva lua t ion  by the use of p i l o t  rating scores  

d i f f e red  from the  t racking  e r r o r  score8 only in that  sub jec t s  

r a t e d  performance a t  a l l  acce le ra t ion  l e v e l s  the  same whereas 

e r r o r  scores  ind ica ted  degradation a t  higher  acce lera t ions .  

Subjective r a t ings  of con t ro l  s e n s i t i v i t y  genera l ly  agreed 

w i t h  t racking e r r o r  scores .  
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--__yc INTROUUCTION 

Many s t u d i e s  on performance under a c c e l e r a t i o n  have 

been oonaerned with r eac t ion  time and eimple perceptual-  

motor taeke. It ha8 been ehown that there l e  a n  increaee 

I n  r eac t ion  time for  both audio and v i s u a l  signal8 wi th  

an  inarease  i n  p o s i t i v e  and tranaveree acoe le ra t lons  

(Refs. 1, 2, 3, 4 and 5). The major reason f o r  t h l e  de- 

l a y  i n  reaot lon  time l e  thought t o  be due I n  p a r t  t o  the 

inorease i n  mueoular load for the meponse. In more 

complex tasks, Involving peroeptual-motor e k i l l e ,  the earn 

e f f e c t  hae been noted. It nae found that there was a dlf-  

fe lcent ia l  e f f e c t ,  dependent upon the d i r e c t i o n  of aaoeler -  

a t i o n  (Refs. 6 and 7). 

S tudies  on continuous t racking performance under 

aooeleratBon load have ehown deoremonte I n  performance 

(Refs. 8, 9, 10 and 11). That the e f f e o t e  are complex 

I s  exemplified by work on s ta t ic  and dynamic simulatione 

(Ref. 12) ,  w h e r e  eubjeots  performed better a t  moderately 

high aoce le ra t lone  (4-6g) than under e t a t i c  condition8 . 
A t  higher acce le ra t ions  the t rend  appears t o  change. 

Kaehler (Ref. l 3 ) ,  i nves t iga t ed  the e f f e c t  of a n  exponent ia l  

t i m e  lag of t he  con t ro l  while the  eubject  was exposed t o  

3 



t ransverse acce le ra t ion ,  He found tha t  f o r  the  r o l l  modes 

there  wae an i n t e r a c t i o n  between the l e v e l  of acce le ra t ion  

and time lau. 

The major e f f e a t  of lower l e v e l s  of p o s i t i v e  t r ans -  

verse aoce lera t ion  on human performance appears t o  be i n  

the motor functiona,  while the re  eeems t o  be l i t t l e  o r  no 

e f f e c t  on v i s u a l  and audi tory  eensee o r  In cogni t ive pro- 

oe88es. T h i s  motor effeot might be due t o  the e f f e c t s  of 

a force  grad ien t  aga ins t  which the muscle ha8 t o  a c t ,  tend- 

ing t o  a f f e c t  t he  propriocept ive o r  "feel" eensing of t he  

mueole. Error  and response time might l o g i c a l l y  be expect- 

ed t o  lnareaee f o r  t h i s  hypothesie. The purpose of the 

present  study wae t o  extend the  range of data derived 

from previous research i n  these  areas. 

4 



SYMBOLS 

'('XJs)= t r a n s f e r  func t ion  of p i t ch  angle t o  e l e v a t o r  d e f l e c t i o n  

4(5x(sj= transfer func t ion  of r o l l  angle t o  a i l e r o n  d e f l e c t i o n  
a 

s p i t c h  acce le ra t ion  de eloped per u n i t  con t ro l  Msc def l ec t ion  i n  rad/sec h 
rad 

a,= l ong i tud ina l  undamped shor t  per iod  n a t u r a l  frequency 
i n  rad/sec 

long i tud ina l  sho r t  per iod damping r a t i o  

c&+)= r o l l  d e f l e c t i o n  term f o r  transform equation 

&(5)= a i l e r o n  de f l ec t ion  term for transform equat ion 

$&= r o l l  acce lp-a t ion  developed p e r  u n i t  con t ro l  de f l eo t ion  
i n  rad/sec 

rad  

2 = r o l l  mode time constant  

O(s)= p i t c h  de f l ec t ion  term f o r  transform equat ion 

d,cs)= e l e v a t o r  de f l ec t ion  term f o r  transform equation 

t r a n s f e r  func t ion  of the e r r o r  feedback syatem 

K,: scale f a c t o r  aasociated with the v i s u a l  e r r o r  feedback 

T= RC time constant  of t he  v iaua l  e r r o r  feedback c i r c u i t  

s i g n a l  

S = Iap lace  operator  

e=d i sp lacemen t  t racking  e r r o r  

-t=time 

+pearman ~ a n k  Corre la t ion  Coeff ic ien t  

%:=Chi-square t e s t  1 Friedman Two-way Analysis of Variance 
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The o v e r a l l  program cons is ted  of fou r  experiments 

designed t o  study the e f f e c t s  of t ransverse  acce lera t ion ,  

and o the r  var iab les ,  on human t racking  performance. I n  

811 of t he  experiments t ransverse  acce le ra t ion  was appl led  

i n  a front-to-back (eye-balla-in) and i n  a back-to-front 

(eye-balls-out ) d i rec t ion .  I n  each experiment two l e v e l s  

of acce le ra t ion  were used1 4g and 6g, as well as a s t a t i c  

condition which was designated as a "control"  condi t ion 

in terms of experimental design. 

introduced i n  s p e c i f i c  experiments were: 

Additional va r i ab le s  

1 )  Control s t i c k  preload 

2) Control s t i c k  spr ing constant  (force-displacement 

gradle n t  

3) Vehicle dynamics 

4 )  Control s t i c k  s e n s i t i v i t y  

5) Presence o r  absence of error feedbwk information 

6 



APPARATUS 

C_e_rltri_fu_ge_ 

The Human Centrifuge a t  t he  Universi ty  of Southern 

Cal i forn ia  was used t o  apply t ransverse acce le ra t ion  loads 

of 4 and 6g i n  a uniform manner over the sub jec t ' s  to rso ,  

Fig. 1 A .  The time from onset of acce le ra t ion  t o  peak was 

11.3 seconds f o r  the 4g runs and 12.8 S e C m d B  for the 6g 

exposures. 

i n  both cases.  The dece lera t ion  time was 7 seconds f o r  

the 4g runs and 9 seconds f o r  t he  6g exposures. 

Duration a t  peak acce lera t ion  was 120 seconds 

An acdeler-  

a t i o n  t i m e  h i s t o r y  was reoorded from an  accelerometer 

mounted ad jacent  t o  the  sub jec t ' s  seat. 

Re  s t r a i n  t 
-----a- 

The s e a t  and the r e s t r a i n t  s u i t  used f o r  these experi-  

ments were designed and developed by the  A m e s  Research 

Center of the  National Aeronautics and Space Administration. 

The complete r e s t r a i n t  system is  shown i n  Fig. 1B. The 

r e s t r a i n t  s u i t  cons is ted  of a contoured back-frame wi th  

l e g  rests a t tached  t o  the  back frame by Seat straps. The 

back frame and the l e g  rests could be mounted and removed 

from the  seat frame by lug  i n s e r t s  with p i n  locks. A i r  

bladders Inse r t ed  between the seat frame and the occupant 

could be pressurized f o r  t he  comfort of t h e  subject .  The 

bladders a l s o  served t o  t i gh ten  the subjec t  against  a 

r e s t r a i n t  v e s t  that was buckled t o  the  back of t he  frame. 
- #  - 
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The th ighs  were zipped i n t o  leggings a t t ached  t o  t h e  l e g  r e s t s .  

The seat frame had ad jus t ab le  foot  rests and arm rests f o r  

indiviciual comfort. A helmet w i t h  custom f i t t e d  f a c i a l  I n s e r t s  

were used t o  provide head r e s t r a i n t .  The helmet was a t t ached  

t o  the  s e a t  frame by a lug  i n s e r t  w i t h  a p i n  lock. The helmet 

was obtained from Protec t ion ,  Inc., Los Angeles, Ca l i fo rn ia  

and i s  designated as a Supertopex helmet. An an t i -g  s u i t  was 

a l s o  worn on a l l  runs but  was ope ra t iona l  only on the Eye- 

Balls-Out (EBO) runs,  

Additional r e s t r a i n t  was provided f o r  the arms, legs and 

kneecaps under EBO condi t ions.  The l e g  r e s t r a i n t  Included 

kn i t - s t r e t ch  pants  and the  l e g s  and feet  were wrapped w i t h  

e l a s t i c  bandages t o  minimlze pooling of the  blood i n  the  lower 

ex t remi t ies .  The forearms and hands were wrapped w i t h  non- 

e l a s t i c  bandages and rubber gloves were worn so as t o  minimize 

pooling i n  t h e  upper ex t r emi t i e s .  The a d d i t i o n a l  provis ions 

t o  minimize blood pooling were only provided i n  the  EBO runs 

because the d i r e c t i o n  of a c c e l e r a t i o n  i n  the  EBI  condi t ions  

inhe ren t ly  minimized the  occurrence of pooling, 

w y _  

The d isp lay  cons is ted  of a standard cathode r a y  tube with 

a f ixed  a i r c r a f t  symbol and a moving horizon, s u i t a b l e  f o r  a 

compensatory con t ro l  task wherein the  d i sp lay  had two degrees 

of freedom, p i t c h  and r o l l .  (Fig. 2) .  

The tube diameter was f i v e  inches.  A one cm. displacement 

i n  p i t c h  (disp1ay)was equal  t o  f i v e  degrees of vehic le  p i t c h  

e r r o r .  A one degree r o l l  dev ia t ion  on t h e  d i sp lay  was equal  

t o  one degree of vehic le  r o l l  e r r o r .  For a d d i t i o n a l  p i t ch -e r ro r  

8 



feedback, a o i r c l e  wa8 superimposed on the  horizon d isp lay  

which Increased i n  s i z e  w i t h  Increasing e r r o r  and decreased 

(toward the  cen te r  of t h e  d i sp lay )  with decreasing e r ro r .  (Pig.3) 

The left-hand con t ro l  consis ted of a f ixed  s t i c k  g r i p  

w i t h  an  abor t  button. The right-hand con t ro l  (Fig. 4 )  was 

a two-degree-of-freedom c o n t r o l l e r  w i t h  a 1 1/2 inch diameter 

sphe r i ca l  g r ip .  The l e v e r  a r m  f o r  t h i s  c o n t r o l l e r ,  f o r  both 

p i t c h  and r o l l  was f i v e  inches. The r i g h t  hand con t ro l  was 

used by the subjec t  I n  performance of t he  t racking  task.  This 

c o n t r o l  was dynamically balanced f o r  acce le ra t ion  loads per- 

pendicular t o  i t s  longi tudina l  axis .  L imi t ed  " fee l"  character-  

i s t i c s  were provided by two bungees on p rec i s ion  l eve r  arms. 

The length  of t he  l e v e r  arms c6uld be changed i n  order  t o  vary 

the  spr ing constant ,  while s t i c k  detent  o r  breakout force  

could be var ied by changing the  pretension on the  bungee. 

These parameters could be var ied independently. Force-displace- 

ment data showing the  condl t ions used i n  the experiment may be 

found i n  Figures 5 A  and 5B. 

Two values of cont ro l  s t i c k  s e n s i t i v i t y  used were desig- 

nated 1/1 and 2/l. 

con t ro l  s t i c k  displacement t o  cont ro l  sur face  displacement 

and apply t o  both p i t c h  and r o l l  modes. 

These notat ions are r a t i o s  of angular  

Tr 
The t racking task was compensatory t r ack ing  i n  p i t c h  and  

r o l l  w i t h  s impl i f ied  uncoupled vehicle dynamics : 

9 



f o r  longi tudina l  dynamics where 

a t i o n  developed per  u n i t  con t ro l  de f l ec t Ion ,U ,  1s t he  short-  

period frequency and’s  i s  the  damping r a t i o  and 

Msc is  the  p i t c h  acce ler -  

f o r  l a t e r a l  dynamics where Ls i l s  the  ro l l  acce le ra t ion  de- 

veloped per  u n i t  con t ro l  de f l ec t ion  and 21s the  r o l l  damping 

as a time constant.  

The command s ignal  ( forc ing  func t ion)  for t rack ing  was 

a Gaussian-distributed random noise s ignal  whose power 

spectrum c h a r a c t e r i s t i c s  were f l a t  from 0 t o  0.25 cps with 

a 12db drop per  octave t h e r e a f t e r .  A separa te  s igna l  was 

used f o r  t h e  p i t c h  and r o l l  8x69. A maximum de f l ec t ion  of 

f l5O was used f o r  p i t c h  and f loo was used f o r  r o l l .  The 

p i t ch  and r o l l  input  signals t o  the analog computer were 

provided by a two channel FM tape recorder  play-back ueing 

previously recorded tape. The data f r o m  the runs were 

recorded on two seven-channel FM tape recorders.  

The v i s u a l  e r r o r  teedback e igna l  wae der ived by the 

use of the  f irst  order  t r a n s f e r  function: 

where K1 is a T i s  the RC time constant .  

The value of T was 2 seconds. Feeding the  absolu te  value 

of the p i t ch  e r r o r  i n t o  t h i s  funot ion gave the average 

value of the  absolute  e r r o r  over  a 2 second period. Thi8  

Value was 8Caled t o  Increase and decrease the diameter Of 

the c i r c l e  on t h e  display.  

10 



A continuous recording was made on FM tape of t he  

following parameters during a l l  t racking  tasks: 

1 )  Command signa1;pitch - 
2 )  Command s igna l ,  r o l l  

3) Control s t i c k  posi t ion,  p i t c h  

4 )  Control s t i c k  posi t ion,  r o l l  

5) Vehicle pos i t i on  (angular),  p i t c h  

6 )  Vehicle pos i t i on  (angular),  r o l l  

7) Angular e r r o r ,  p i t ch  

8) Angular e r r o r ,  r o l l  

9) g magnitude 

10) EKG (electrocardiograph) 

S i l v e r  e lec t rodes ,  1/2 inch ,A diame,er an( 3 mils  

I n  thickness  were used t o  record t h e  electrocardiograph.  

The e l ec t rodes  were cemented t o  the  s u b j e c t ' s  s k i n  with 

Eastman 910 cement. 

angle  of the  l e f t  and r igh t  t e n t h  r ib s  and the  xiphoid 

process  of the  sternum (breastbone). 

They were placed i n f e r i o r  at t he  

In the t h i r d  and fourth experiments, the sub jec t s  

were asked t o  rate their  own performance during each 

t racking  task.  

on a 10 poin t  r a t i n g  sca l e  (Appendix 6)  o r i g i n a l l y  de- 

v i sed  by Cooper (Ref. 15) fo r  t h e  use of p i l o t s  i n  r a t i n g  

the  handling q u a l i t i e s  of a i r c r a f t .  

The subjects  recorded t h e i r  responses 

11 



Each subjec t  received two experimental runs per  day 

i n  which each run cons is ted  of fou r  successive two minute 

t racking periods; a s t a t i c  condi t ion (cent r i fuge  s t a t i o n a r y ) ,  

4 g acce le ra t ion  condi t ion,  a s t a t i c  condi t ion and a 6 g 

acce lera t ion  condition. The average time i n t e r v a l  between 

t racking per iods was approximately three  minutes. The two 

experimental runs that a subjec t  received during a day d i f -  

fered with respect  t o  d i r e c t i o n  of  acce lera t ion ,  l . e . ,  i f  

the f i r s t  run was "EBO" the second run would be "EBI" and 

vice versa.  The time i n t e r v a l  between runs ranged from 2 

t o  4 hours. The d i r ec t ion  of acce le ra t ion  was var ied  f o r  

each subjec t  on successive days I n  order  t o  randomize the  

d i r ec t ion  of acce le ra t ion  with respect  t o  t i m e  of day. 

T h i s  design allowed f o r  r e p e t i t i o n  of the  s t a t i o  

t racking period where only t h e  reBt,raint system was d l f -  

f e ren t  f o r  the "EBI" and "EBO" d i rec t ions .  

Parameters which were used as Independent va r i ab le s  

i n  the ove ra l l  research program were as follows: 

1 )  Acceleration d i r e c t i o n  (EBO and EBI) 

2 )  Acceleration magnitude ( s t a t i c ,  4g and 6g) 

3 )  Control s t i c k  preload (0.2 and 0.5 l b s )  

4 )  Control s t i c k  force-displacement grad ien t  (0.2 and 0.05 

lbs/degree ) 

5)  Control s t i c k  s e n s i t i v i t y  (1/1 and 2/1) 

12 



6)  Vehlcle dynamics ("good" and "bad") 

7 )  Additional p i t c h  e r r o r  feedback (absent o r  present) .  

For con t ro l  s t i c k  s e n s l t i v l t y ,  the nota t ion  1/1 and 2/1 

represent  r a t i o s  of angular cont ro l  s t i a k  t o  con t ro l  surface 

displacements. T h i s  appl ies  t o  both the  p i t c h  and r o l l  modes. 

With reference t o  vehiole  dynamics t h e  following 

d e f l n i t i o n s  apply: 

1) For "good" dynamics: 

a )  Mse/ohc = 2/3 n 
b ) % =  n 
c )  '3 
d )  Lea "6.0 
e )  'tl 

= 0.5 f o r  longi tudina l  con t ro l  

= 0.5 for lateral  con t ro l  

2 )  For "bad" dynamics: 

a )  Msd** = 2h TI' 
b )  = n rad./sec. 

c )  3 
d )  L ~ = l . 0  
e )  7 ~ 3 . 0  for lateral con t ro l  

=0.06 f o r  longi tudina l  con t ro l  

For purposes of discussion,  the o v e r a l l  research pro- 

gram may be described as cons is t ing  of a standard c o n t r o l  

condi t ion and  four  experiments. The s tandard con t ro l  condi- 

t i o n  was administered p r i o r  t o  experiment number one, and  

again,  upon completion of experiment number four.  The data 

derfved from t h e  standard cont ro l  condi t ion was used t o  

13 



determine the  presence of "learning" e f f e c t s .  This WBB 

performed by comparing performance f o r  the two separa te  

adminis t ra t ions of t h i s  condition. The s tandard con t ro l  

condition may be defined as follows: 

1) Acceleration d i r ec t ion  (EBO and EE3I) 

2 )  Acceleration magnitude ( s t a t i c ,  $3 and 6g) 

3) Control s t i c k  preload (0.2 l b s )  

4) Control s t i c k  force-displacement grad ien t  (0.2 lbs/degree) 

5) Control s t i c k  s e n s i t i v i t y  (1/1) 

6)  Vehicle dynamics ("good") 

7 )  Additional p i t c h  e r r o r  feedback (absent)  

The fou r  experimental programs are i d e n t i f i e d  a6 followa: 

Experime_nt No. 1 

1) Acceleration d i r e c t i o n  (EBO and EBI) 

2 )  Acceleration magnitude ( s t a t i c ,  4 g and 6 g) 

3 )  Control a t i c k  preload (0.2 l b s  and 0.5 lba )  

Tota l  treatment combinations = 2 x 3 ~ 2  = 12 

1) Acceleration d i r e c t i o n  ( D O  and EBf) 

2)  Acceleration magnitude ( s t a t i c ,  4 g and 6 g) 

3)  Control s t i c k  force-displacement grad ien t  (0.05 and 

0.2 lbs/degree) 

Tota l  treatment combinations = 2 x 3 ~ 2  = 12 

14 
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1) Acceleration d i r e c t i o n  ( B O  and EBI)  

2 )  Acceleration magnitude ( s t a t i c ,  4 g and 6 g) 



3 )  Control s t i c k  s e n a i t i v i t y  (1/l and 2/l) 

4) Vehicle dynamics ("goo8 and "bad") 

Tota l  treatment combinations 2 x 3 ~ 2 ~ 2  24 

1 )  Acceleration d i r e c t i o n  (EBO and EBI) 

2 )  Acceleration magnitude ( s t a t i c ,  4 g and 6 g) 

3)  Additional p i t c h  error feedback (absent and present )  

Tota l  treatment combinatlons 2 x 3 ~ 2  = 12 

Parameters not s p e c i f i c a l l y  l isted i n  the  fou r  experi-  

mente, bu t  i d e n t i f i e d  I n  the d e f i n i t i o n  of standard con t ro l  

condi t ion,  were treated as "control" va r i ab le s  whose values  

may be determined by reference t o  t h e  d e f i n i t i o n  previously 

given f o r  the standard con t ro l  condition. 

Since the same con t ro l  condition was used for purposes 

of data analy313 I n  a l l  four  experiments, it was not a c t u a l l y  

repeated during these four  phases. A s  noted earlier,  It was 

administered p r i o r  t o  Experiment No. 1 and a f t e r  Experiment 

No. 4. This  r e su l t ed  i n  a t o t a l  of 48 treatment combinations 

or runs for each subjec t  i n  order  t o  complete the e n t i r e  pro- 

gram. 

The sequence of presenta t ion  for  the o v e r a l l  program 

was as follows: 

1) Standard Control Condition ( I n i t i a l )  

2 )  Experiments 1 th ru  4, i n  order 

3) Standard Control Condition (Final) 
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A t o t a l  of s i x  sub jec t s  were used, where four  of these 

served as within-cel l  variance f o r  the f i rs t  two experiments 

and f i v e  of the s i x  sub jec t s  were used as within c e l l  var iance 

f o r  the  t h i r d  and four th  experiments. Two of the sub jec t s  

were un ive r s i ty  s tudents  with p r i o r  cent r i fuge  experience , 
but no a c t u a l  f l i g h t  experience. The four  remaining sub jec t s  

were a l l  q u a l i f i e d  p i l o t s  wi th  three  of  the  group cu r ren t ly  

performing du t i e s  as t e s t  p i l o t s .  

had p r i o r  cent r i fuge  experience. 

Only one of the  p i l o t s  

For purposes of t e s t  procedure the  eubjec ts  were t r e a t e d  

as a random var iab le  while the  o the r  va r i ab le s  were treated 

as f ixed  var iables .  Since a quest ion could be raised regarding 

the normalcy of the  sub-samples (1.e. subjec ts )  i n  t h e  c e l l s  

of the simple f a c t o r i a l  design, a second ana lys i s  was per- 

formed using a treatments-by-subjects design and is presented 

in Tables 4C, 40 and 9. The r e s u l t s  obtained i n  the second 

analysis d i d  not appear t o  d i f f e r  s u f f i c i e n t l y ,  i n  terms of 

s t a t i s t i c a l  o r  p r a c t i c a l  s ign i f icance ,  t o  warrant s p e c i a i  

comment. 

Only three  of the  s i x  sub jec t s  served throughout the 

e n t i r e  program. 

simultaneous a v a i l a b i l i t y  of the  ind iv idua l  subjec t  prevented 

the remaining three sub jec t s  from p a r t i c i p a t i n g  i n  the t o t a l  

program. I n  any event,  the data from subjec ts  1, 2, 3 

Scheduling problem6 wi th  reference t o  the  

16 



and 5 were used for purposes of analysis  i n  experiment8 1 

and 2. 

and fourth experiments. 

Subjects 2 through 6 provided the data for the third 
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Performance C r i t e r i a  
ccI-Icc--uc-cL 

Tracking t a sk  perforrnance was measured by taking the  

averaged i n t e g r a l  of absolute  e r r o r  sampled a t  f i v e  second 

in t e rva le  over t h e  two minute t racking  period. This I s  

expressecl as. follows: 

Average Error  = 
n T 

where t 

P i t ch  and r o l l  e r r o r  were analyzed separa te ly  by perform- 

ing  an ana lys i s  of variance. 

t o  t2 was 0 t o  5 seconds and T was 5 seconds. 1 

The v a r i a t i o n  i n  performance as a funct ion of acce ler -  

a t i o n  magnitude and d i r e c t i o n  f o r  t he  con t ro l  condi t ion 1s 

shown I n  Figure 6. 

i s  shown I n  Table 1, where a s i g n i f i c a n t  d i f fe rence  i n  per- 

formance i s  noted f o r  the p i t c h  mode due t o  acce le ra t ion  

magnitude. A l l  o the r  comparisons were not s i g n i f i c a n t .  

The ana lys i s  of variance of t h i s  data 

To determine the exis tence of "learning e f f e c t s "  over 

the  e n t i r e  experimental program, performance was compared 

f o r  the f i rs t  and las t  adminis t ra t ions of the  con t ro l  condi- 

t i on .  (i.e.,  t he  f irst  two and last  two runs)  Variat ions 

I n  performance due t o  learning are shown f o r  p i t c h  e r r o r  

Only I n  Table 2 and Figure 7. The a n a l y s i s  of variance 

(Table 2 )  shows an  almost s i g n i f i c a n t  d i f fe rence  i n  per- 

fOrInanCe due t o  acce le ra t ion  and a d e f i n i t e l y  s i g n i f i c a n t  
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d i f f e rence  a t t r i b u t a b l e  t o  l ea rn ing  e f f e c t s .  The l n t e r -  

a c t i o n  however, was not s ign i f i can t .  

Var ia t ions  i n  performance due t o  con t ro l  s t ick pre- 

load were examined for the p i t c h  mode data. The a n a l y s i s  

of variance data i s  shown i n  Table 3 where it may be noted 

that performance did not differ s i g n i f i c a n t l y  a8 a func t ion  

of the  two values  of preload used. The i n t e r a c t i o n  between 

preload and acce le ra t ion  (d i r ec t ion  and magnitude) was a l s o  

not s ign i f i can t .  

The same type of ana lys i s  was performed t o  test for 

performance d i f f e rences  due t o  t he  spr ing constant  var iab le .  

Again, there  were no s i g n i f i c a n t  differences due t o  the 

spr ing  constant  va r i ab le  per se, or t o  i ts  i n t e r a c t i o n  with 

acce lera t ion .  

A i rc ra f t  dynamics and con t ro l  s e n s i t i v i t y  were s tudied  

simultaneously aga ins t  acce le ra t ion ,  which led t o  four  condi- 

t l o n s r  

con t ro l  s e n s i t i v i t y  r a t i o  and bad dynamics; and a 2/1 con- 

t r o l  s e n s i t i v i t y  r a t i o .  The r e s u l t s  of these tests are 

shown i n  Table 4A and 4B and Figures  8 A  and 8B. 

the standard control;  bad a i r c r a f t  dynamics; 2/1 

These r e s u l t s  show a s i g n i f i c a n t  change i n  e r r o r  wi th  

a c c e l e r a t i o n  i n  p i t c h  and with bad dynamics i n  p i t c h  and 

r o l l .  However, there waa no change i n  e r r o r  with con t ro l  

e e n s i t i v i t y  or any in t e rac t ions  when sub jec t s  are t r e a t e d  

as w l t h i n - c e l l  variance.  When a treatment by sub jec t s  
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design i s  used as shown i n  Tables 4C ‘and 4D, the  airoraft 

dynamics x con t ro l  s e n s i t i v i t y  i n t e r a a t i o n  becomes s ign i -  

f i c a n t  i n  pi tch.  The sub jec t s  x a c c e l e r a t i o n  and the 

subjec ts  x a i r c r a f t  dynamics i n t e r a c t i o n  terms a l s o  become 

s i g n i f i c a n t  i n  p i tch .  I n  r o l l  only the second order  i n t e r -  

ac t ion ,  a i r c r a f t  dynamics x c o n t r o l  s e n s i t i v i t y  x s u b j e c t s ,  

i s  s i g n i f i c a n t  i n  add i t ion  t o  the  s ign i f i cance  of the wi th in  

c e l l  design. 

The r e s u l t s  of adding v i s u a l  feedback of p i t c h  e r r o r  

are given and shown i n  Table 5A and Figure 9. These r e s u l t s  

show a s i g n i f i c a n t  lowering of p i t c h  e r r o r ,  however the r o l l  

error Increases when the sub jec t s  are treated as within c e l l  

variance. 

For the  treatment by sub jec t s  a n a l y s i s  shown i n  Table 5B, 

the v i sua l  e r r o r  feedback i s  s i g n i f i c a n t  I n  both p i t c h  and 

r o l l .  However, i n  p i t c h  the sub jec t  i n t e r a c t i o n  w i t h  acce le r -  

a t i o n  decreases s i g n i f i c a n t  d i f f e rences  due t o  acce le ra t ion .  

I n  r o l l  t he  subJect i n t e r a c t i o n  wi th  v i s u a l  e r r o r  feedback 

lowers the s igni f icance  l e v e l  f o r  v i s u a l  e r r o r  feedback. 

c- S u b J e c t i v e s r i t e r i a  

The p i l o t  r a t i n g s  were used as a subjec t ive  measure 

t o  enable the  subjec t  t o  eva lua te  h i s  performance f o r  t he  

p a r t i c u l a r  experimental task. The analysis of these r e s u l t s  

became more d i f f i c u l t  i n  t h a t  each sub jec t  adopted a d i f f e r e n t  

s c a l e  of  measure. T h i s  i s  shown by the means and var iances  
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of  each subjec t  as compared t o  the  t o t a l  mean and variance.  

These data are presented I n  Table 6A.  

var iances  f o r  sub jec t s  d id  not d i f fer  s i g n i f i c a n t l y  except 

f o r  subjec t  no. 5. For t e s t i n g  d i f fe rences  between condi- 

t i o n s  a non-parametric rank t e s t  was used s ince  it was f e l t  

that the subjec t ive  rating scale  would not satisfy a l l  condi- 

t i o n s  for a parametric test .  

The means and the 

The e f f e c t  of acce lera t ion  l e v e l  and d i r e c t i o n  was 

evaluated by the Friedman Two-way Analysls of Variance by 

Ranks (Ref. 16). 

value of 1.37 with f i v e  degrees of freedom. 

For r o l l  ratings, the obtained ;"c, was 1.05 with f i v e  degrees 

of freedom (Appendix 3b). 

sub jec t s  were unable t o  evaluate a d i f fe rence  i n  t h e l r  p i t c h  

performance w l t h  a cce l e ra t ion  d i r ec t ion  o r  magnitude. 

t 
For p i t c h  ratings t h i s  test gave a x,, 

(Appendix 3bL 
L 

These values  ind ica t e  that the  

The e f f e c t s  of a i r c r a f t  dynamics, con t ro l  s e n s i t i v i t y  

and v i s u a l  feedback were t e s t ed  aga ins t  the con t ro l  condl- 

t i o n  by the Wilcoxon matched-pairs signed-ranks test (Ref. 16)  . 
These tests showed a s ign i f i can t  improvement for the con t ro l  

s e n s i t i v i t y  r a t i o  a t  the 0.05 l e v e l  and a s i g n i f i c a n t  de- 

grada t ion  i n  the "bad dynamics", a t  the 0.01 l eve l ,  for 

both p i t c h  and r o l l .  

w i t h  the  v i s u a l  e r r o r  feedback condition. 

No s ign i f i can t  d i f f e rence  occurred 

The subject ive r a t i n g  data was f u r t h e r  evaluated by 

the  use of a nonparametric co r re l a t ion  tes t  (Table GB). 
T h i s  eva lua t ion  was performed on an  ind iv idua l  basis so as 
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t o  determine the presence or absence of subjec t ive  con- 

s i s tency  acro3s the var ious experimental conditions.  

I n  performing t h i s  ana lys i s ,  each sub jec t ' s  r a t i n g s  were 

compared t o  h i s  t racking  performance for p i t c h  and r o l l  

separately.  The obtained c o r r e l a t i o n  coe f f l c i en t s ,  a8 

shown i n  Table 6B, were a l l  p o s i t i v e  and s i g n i f i c a n t  a t  the 

.O5 o r  .01 l e v e l  except f o r  two cases.  

Heart Rat e 
-a--uc- 

The electrocardiograph was analysed for hear t  r a t e  

of the  subjects .  The average hear t  rates of a l l  condi- 

t i o n s  are shown i n  Figure 10 for s t a t i c ,  4 Q and 6 g 

acce lera t ion  l e v e l s  and  for EBI and EX30 acce le ra t ion  

d i rec t ion .  T h i s  shows t h a t  the  hea r t  r a t e s  a r e  high 

f o r  the s t a t i c  condi t ion (possibly due t o  a n t i c i p a t i o n )  

and increased i n  the acce le ra t ion  conditions.  However, 

the  only s t a t i s t i c a l l y  s i g n i f i c a n t  d i f fe rence  occurred 

between the s t a t i c  EBI run and the  acce le ra t ion  runs. 
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Performance C r i t e r i a  

The r e s u l t s  on performance e r r o r  i nd ica t e  t h a t  mainly 

p i t c h  or longi tudina l  e r r o r  was a f f ec t ed  by acce lera t ion .  

T h i s  could be explained by the  e a r l i e r  hypothesis t h a t  

the e f f e c t  of acce le ra t ion  l e  only on the  motor performance, 

s ince  for p i t ch ,  t racking  arm movements are required I n  the  

d i r e c t i o n  of acce lera t ion .  T h i s  would ind ica t e  t h a t  t h e  

sub Jec t e it h e r  over-compe nsa tes o r  unde r-c ompensa te s move - 
ment of the  s t i c k  depending on whether he i s  moving i n  the  

same d i r e c t i o n  of the acce lera t ion  o r  180° out of phase. 

There was a l s o  a difference i n  p i t c h  e r r o r  between t h e  

s t a t i c  condi t ions f o r  EBI acce lera t ion  and EBO acce lera t ion .  

This difference becomes more prominent i f  the samples are 

pooled f o r  the condi t ions where no s i g n i f i c a n t  d i f fe rence  

occurred i n  order  t o  increase the sample s i ze .  These re- 

s u l t s  a r e  shown i n  Table 7 and Figure 11. Although the  t rend  

In r o l l  I s  i n  the  expected d i r ec t ion  it w i l l  be noted from 

the analysis of variance (Table 7) that  the  d i f fe rence  i s  

not s ign i f i can t .  T h i s  difference appears t o  be due t o  the  

additional r e s t r a i n t  on the  hand f o r  the  El30 condition. If 

t h i s  d i f fe rence  i s  cancelled f o r  t he  acce le ra t ion  condi t ions 

as a standard e r r o r ,  it can be s6en t h a t  there I s  no d i f -  

ference between the  two direct ions.  

The a b i l i t y  of the subject  t o  t r a c k  under acce le ra t ion  

d id  not appear t o  hinder h i e  performance s u f f i c i e n t l y  i n  
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comparison with t h e  l a r g e r  amount of performance e r r o r  wi th  

the  bad a i r c r a f t  dynamics. However, I f  the error  were due t o  

motor performance, then the  e r r o r  would have increased with 

br ie f  periods of acce lera t ion .  

For the  values  used i n  the phys ica l  con t ro l  c h a r a c t e r i s t i c s  

and cont ro l  s e n s i t i v i t y ,  there was no change i n  performance 

o r  any In t e rac t ion  with acce lera t ion .  Also, wi th  the  a i r c r a f t  

dynamics no i n t e r a c t i o n  w i t h  acce le ra t ion  occurred. 

The v i s u a l  feedback of p i t c h  e r r o r  d id  Improve the  

p i t c h  performance enabling the  sub jec t  t o  maintain a constant  

l e v e l  of performance. However, i n  improving t h e i r  p i t c h  per- 

formance t h e  sub jec t s  tended t o  l e t  t he  r o l l  e r r o r  increase.  

Of t he  f i v e  separa te  analyses  performed involving p i l o t  

opinion data, c e r t a i n  conclusions may be t e n t a t i v e l y  drawn 

a t  t h i s  time. The r a t i n g  data pe r  se f a i l e d  t o  discr iminate  

d i f fe rences  due t o  acce le ra t ion ,  d i r e c t i o n  o r  magnitude 

(Appendix 3b) ,  o r  t h a t  due t o  the presence o r  absence of 

v i s u a l  e r r o r  feedback (Appendix 3c) .  Under these same 

condi t ions the ana lys i s  of performance measures revealed 

s ign i f i can t  d i f fe rences  i n  t racking  performance. 

Analysis of the  r a t i n g  data f o r  t he  con t ro l  s e n s i t i v i t y  

var iab le  and f o r  t h e  a i r c r a f t  dynamics va r i ab le ,  d id  reveal 

a Systematic t rend  (Table 3c) .  

s e n s i t i v i t y ,  a s i g n i f i c a n t  d i f fe rence  i n  p i l o t  r a t i n g s  was 

obtained. The ana lys i s  of variance data i n  general ,  d i d  not 

For the  two values of con t ro l  
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support  t h i s  f inding (Tables ~ A J  €3, C, D). The p i l o t  

ratings f o r  a i r c r a f t  dynamics (good vereus bad) were 

S ign i f i can t  f o r  both p i t ch  and r o l l  (Table 3c). Thia 

f ind ing  received support from the t racking  performance 

data i n  that it produced s i g n i f i c a n t  d i f fe rences  i n  a l l  

cases  . 
The c o r r e l a t i o n a l  ana lys i s  of the p i l o t  ratipz data 

tended t o  provide some support of i ts  func t iona l  value. 

(Table 6B). I n  t h i s  case the ind iv idua l ' s  rating s c a l e  

data was d i r e c t l y  cor re la ted  with h i s  own t racking  per- 

formance for each condition. I n  addi t ion ,  a d i s t i n c t i o n  

was made between p i t c h  and r o l l .  

eight of the  t e n  values so computed were found t o  be 

s ign i f i can t  a t  e i ther  the 0.05 o r  0.01 leve l .  

of the pos i t i ve  nature of these l a t t e r  f indings,  there  

is a need t o  I n t e r p r e t  them caut ious ly  i n  the context  

of t h i s  experiment. T h i s  l e  c e r t a i n l y  ind ica ted  by the 

o v e r a l l  l ack  of systematic r e a u l t s  discussed e a r l i e r .  

As shown i n  Table 6B, 

I n  spite 

Rating sca l e s  may thus be somewhat l i m i t e d  i n  the i r  appl i -  

ca t ion  if t h e  subjec t ,  e spec ia l ly  under condi t ions of s t r e s a ,  

i s  unable t o  systematical ly  discr iminate  d i f fe rences  i n  h i s  

a c t u a l  performance and behavior i n  a cons is ten t  manner. Thie 

does not imply that object ive performance measures should be 

used t o  the exclusion of r a t ing  sca la  data. There are many 

research  s i t u a t i o n s  dealing wi th  a i r c r a f t  handling qualities 
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f o r  example, wherein r a t i n g  s c a l e  data i s  the  only means 

of  evaluation. I n  addi t ion ,  r a t i n g  s c a l e  data I s  o f t e n  

use fu l  when taken simultaneously with objec t ive  performance 

measures. Hurmn a d a p t a b i l i t y  over a f a i r l y  wide range of 

conditions sometimes r e s u l t s  I n  objec t ive  performance 

measures which f a i l  t o  d i s c r i m h a t e  optimum values  f o r  

phys ica l  (vehic le )  parameters. T h i s  a b i l i t y  t o  maintain 

a r e l a t i v e l y  constant  performance i s  recognized as being 

a major reason f o r  placing a p i l o t  i n  t h e  system. Under 

these  conditions however, r a t i n g  s c a l e  data may provide 

the  only Information f o r  making design decis ions.  

Future research i n  t h i s  area might l o g i c a l l y  seek t o  

provide add i t iona l  information on the  re la t ive s e n s i t i v i t y  

of r a t ing  sca l e  data as compared t o  objec t ive  measures of 

performance. T h i s  should be performed under var ious stress 

conditions such as acce le ra t ion ,  temperature, noise ,  v i b r a t i o n  

and hypoxia. Various combinations of t he  above taken with 

more complex p i l o t  tasks might more c l e a r l y  def ine the 

r e l a t i v e  cont r ibu t ions  of r a t i n g  sca l e  data and objec t ive  

performance measures. 
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The following concluaions oan be drawn from t h e  

r e s u l t e  of t h i s  study$ 

(1)  S ign i f i can t  differences i n  motor performance were 

observed when the motor movements were i n  the lame 

plane aa the  accelecat lan 4orces. 

(2) There appeared t o  be no d i f fe rence  i n  performance 

between the EBI d i rec t ion  of acce le ra t ion  and tho 

EBO d i rec t ion .  

(3) Subject ive evaluat ion by the use of p i l o t - r a t i n g  

s c a l e s  waa not a8 sena i t i ve  as measured e r r o r  

acores and appeared t o  lead t o  erroneous con- 

c lus ions  under acce lera t ion .  

(4)  V i s u a l  feedback of p i t c h  error improved p i t c h  

performance and a l so  in t e rao ted  with r o l l  per- 

formance. 

(5) There was no in t e rac t ion  between acce le ra t ion  and 

the  cont ro l  c h a r a c t e r i s t i c s ,  a i r c r a f t  dynamics o r  

cont ro l  s e n s i t i v i t y  values  used i n  these experiments. 

27 
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FIGURE 1B. SUBJECT IN RESTRAINT SYSTEM (EBO) 
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AIRPLANE SYMBOL H O R I Z O N  B A R  

FIGURE 2. C R T  DISPLAY USED, SHOWING NOSE-DOWN, RIGHT BANK 
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7 ERROR FEEDBACK S I G N A L  
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FIGURE SA. CONTROL STICK FORCE-DISPLACEMENT CHARACTERISTICS (PITCH) 
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FIGURE 58.  CONTROL STICK FORCE - DISPLACEMENT CHARACTERISTICS 4ROLL) 
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FIGURE 7. LEARNING EFFECTS [PITCH ONLY) 
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TABLE I 

Tracking Performance for Control Conditions 

Varlab l e  

Acceleration 

Direction 

In t e rac t  ion  

Error 

Varlab l e  

Ac ce l e  ra t Ion  

Direct ion  

In t e rac t ion  

Error  

ANALYSIS OF VARIANCE OF PITCH ERROR 

D o f F  F Ratio Slgnificance 

2 549 250 4.58 0.05 * 
1 337 080 2.80 N.S. 

2 64 583 0.54 N.S. 

24 119 874 

ANALYSIS OF VARIANCE OF ROLL ERROR 

m -  F Ratio Slgnificance 

2 10 365 0.23 N.S. 

1 54 525 1.19 N.S.  

2 718 0.02 N.S.  

24 45 920 

For Tables I th ru  5E3 

*95$ probabi l i ty  t h a t  t he  obtained d i f fe rences  are due t o  the  
experimental conditions.  

**At the 99% probabi l i ty  l eve l .  
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TABLE 2 

Tracking Performance as a Function of Acceleration and 
Learning Effects 

ANALYSIS OF VARIANCE OF PITCH ERROR 

Variable D o f F  Significance 

Ac ce lera t ion 5 921 440 2.35 0.07 

Learning 1 a 347 740 21 33 0.01- 

A x L  5 383 277 0.98 N. S .  

Error 4a 391 425 
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T F  

Tracking Performance as  a Function of Acceleration and 
-Control S t i c k  Pre-load -- 

D o f F  Me4eu F Ratio Significance 

Ac ce l e r a  t ion 5 516 581 3.91 0.01** 

Preload 1 68,952 0.52 N.S. 

In t e rac t ion  5 151 J 732 1.15 N.S.  

Error  36 132 8 090 

Tracking Performance as  a Function of Acceleration and 
Con t ro  1 S t 1 c k Force - D i  3 p l a  c e m e  n t 0 rad I e n t 

4 N A L Y S I S  OF VARIANCE OF PITCH ERROR 

V a  r l a b  le  F Ratio 

Acceleration 5 9go J 5g8 4.17 O.Ol** 

Spring Constant 1 73 J 008 0.31 N.S. 

In t e rac t ion  5 92 # 673 0.39 N.S. 

Error 36 237 J 283 

46 



TABLE 4A 

Tracking Performance a s  a Function of Acceleration, Vehicle 
Dynamics and Control System Sens i t iv i ty  

ANALYSIS OF VARIANCE OF PITCH ERROR 

Variable m -  F Ratio 

Acceleration 5 1 407 044 4.10 

Dynamics 1 22 562 700 55.01 

Senslt i v l  t y  1 413 340 1.21 

Dynamic s 5 164 750 0.48 
Aaceleration x 

Aaceleration x 

Dynamics x 

Aaceleratlon x 
Dynamlca x 

Sensi t iv i ty  5 202 994 0.59 

Sens i t iv i ty  1 1 180 830 3.44 

Sens i t iv i ty  5 89 055 0.26 

Error 96 342 835 

Significance 

0.01*+ 

0 . a*+ 
N.S .  

N.S. 

N.S. 

N.S. 

N.S. 
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Tracking Performance as a Function of Acceleration, Vehicle 
Dynamics and Control System S e n s i t i v i t y  

ANALYSIS OF VARIANCE OF ROLL ERROR 
- c - - I I L I I u I I I - U  ----_I- 

V a r l a b l  e D of F Mean Square F Ratio S igni f icance  

Acceleration 5 843 288 2.07 N. S. 

Dynamic s 1 32 791 020 79.59 0.01 ** 
Sens i t i v i ty  1 449 580 1. og N. S. 

Acceleration x 
Dynamic s 5 257 746 0.625 N .  S. 

Acceleration x 
Sens i t i v i ty  5 93 092 0.225 N. S. 

Dynamics x 

Acceleration x 

Sensi t l v l  t y  1 1 059 540 2.571 N. S. 

Dynamics x 
Sens i t i v i ty  5 213 374 0.517 N. S. 

E r r o r  96 412 000 
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Tracking Performance A s  a Function of Acceleration (Direct ion 
and Magnitude), Vehicle Dynamics and Control System S e n s i t i v i t y  

V a  r I a b l e  

Ac c e le ra t ion  (A ) 

Dynamics (B) 

S e n s i t i v i t y  ( c ) 
Subjecta(d)  

AB 

AC 

BC 

Ad 

Bd 

Cd 

ABC 

ABd 

ACd 

BCd 

ABCd 

ANALYSIS OF VARIANCE OF PITCH ERROR 

D o f F  

5 1 407 044 

1 22 562 700 

1 413 340 

4 2 523 252 

5 164 730 

5 202 994 

1 1 180 830 

20 302 220 

4 1 406 898 

4 345 006 

5 89 055 
20 135 432 

20 139 200 

4 120 379 

20 189 648 

F Ratto m i f i c a n c e  - 
4.655 0.01** 

16.037 0.05* 

1.198 N.S. 

Not testable 

1.216 N.S. 

1,458 N. S. 

9.809 0.05+ 

Not t e s t a b l e  

Not testable 

Not testable 

0.469 N.S. 

0.714 N.S. 

0.733 N.S. 

0.634 N.S. 
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TABLE 4D 
-u 

Tracking Performance As a Function of Acceleration (Direction 
and Magnitude), Vehicle Dynamics and Control System Sensitivity 

ANALYSIS OF VARIANCE OF ROLL ERROR 
1- 

Significance 
----I- 

F- Ratio 
-_cccc 

D of F Mean Square 
A-c --e- 

Vari ab le 
-_La 

Ac c elerat Ion ( A ) 5 843 2aa 4.397 0.01** 

Dynamics(B) 1 32 791 020 49.048 0.01"" 

Sensitivity( C) 1 449 580 2.939 N. S. 

Subjects(d) 4 5 150 616 Not te 8 table 

AB 5 257 746 1.935 N. S. 

AC 5 93 092 0.870 N. S. 

BC 1 1 059 540 1.614 N. S. 

Ad 20 191 750 Not testable 

Bd 4 668 547 Not testable 

Cd 4 152 961 Not testable 

ABC 5 213 374 0.969 N. S .  

RBd 20 133 142 0.604 N. S. 

ACd 20 106 926 0.485 N. S. 

UCd 4 656 418 2.982 0.05* 

AE3C d 20 220 075 
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Tracking Performance as a Function of Acceleration (Direction 
and Magnitude) and the Preaence or Absence of Additional 
Visual Error Feedback Information. 

ANALYSIS OF VARIANCE FOR PITCH ERROR 

Variab le 

Acceleration 

Feedback 

Interac t l o  n 

Error 

Variable 
Acceleration 

Feedback 

Interaction 

Error 

D of F Mean Square -e 

5 290 J 890 2.41 0.05+ 

1 507,840 4.21 0.05 + 

5 103,356 0. e5 N. S. 

48 120,708 

ANALYSIS OF VARIANCE FOR ROLL ERROK- 

D_of_P F R a t S  SiRnifjca- 

5 129,052 0,698 N. S. 

1 2 , 683,590 14.53 0.01 ++ 

5 125 , 509 0.679 N. 3. 

48 184,694 
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TABLE 513 
Track in& Performance as a Func t i b n A c c e l e l . i l t i o n  ( D i r e c t i o n  and 
MaSnitude) and t h e  Presence  or Absence of A d d i t i o n a l  V i s u a l  E r r o r  
Fesdback Informat ion .  

-Y 

I_ ANALYSIS OF VARIANCE F O R  PITCH ERROR 

D of  F Mean Sauare  F -Ra t i o  
----CIA 

Varlab l e  

A c c e l e r a t i o n (  A )  5 290 898 2.38 

Feedback(B) 1 507 840 8.50 

S u b j e c t s ( c )  4 490 974 4.01 

AI3 

Ac 

Bc 

A B C  

V a r i a b l e  

Ac c e l e r a  t l o n  ( A )  

Feedback( B )  

S u b j e c t s (  c )  

AB 

Ac 

Bc 

A B C  

5 2 

5 103 356 2.27 

20 122 149 2.67 

20 45 464 

8 59 729 1.31 

ANALYSIS OF VARIANCE FOR ROLL ERROR 

D of  F Mean Saua re  F-Rat io  

5 129 052 1.29 
__c 

1 2 683 590 7.89 

4 768 630 2.26 

5 125 509 2-33  

20 99 510 1.84 

8 340 216 6.31 

20 53 943 

S i g n i f i c a n c e  

N. S. 

0.05" 

0.05* 

N. S. 

0.05" 

N. S. 

S i g n i f i c a n c e  

N. S. 

0.05 * 
N. S. 

N. S .  

N. S. 

0.01 ** 



TABU3 6 A 

MEANS, VARIANCE, AND STANDARD DEVIATIONS 
OF P ILOT RATIN GS 

Subjects Mean Variance Standard 
Devs a ti on - 

3.266 2.77 1.66 

4.200 1.57 1.25 

s2 

s3 

s4 

s5 

3.983 1.37 1. 17 

3.800 40 53 2.1s 

3.466 1.72 1.31 s6 - 
Tc, tal 3.743 2.51 1.58 

Sub3 ec t a 
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TABLE 6B 

Spearman Rank Correlat ion Coeff ic ient  ( r e )  

-. Correlation of P i l o t  Opinion Data With Tracking Performance Scores 

Correlation 
R o l l  - Subject # P i t c h  

2 0.574** 0.658*+ 

3 0.415* 0.510*+ 

4 0 . 4 3 ~  0.495*+ 

5 0.237 0.810*+ 

6 0.499 ** 0.133 

Obtained rB must equal o r  exceed 0,306 t o  be e ign i f i can t  a t  0.05 

** Obtained rB must equal o r  exceed 0.432 t o  be s i g n i f i c a n t  a t  0.01 

Note8 Each value i n  the above t ab le  was based on f i v e  condi t ions 

iden t i f i ed  as follows: 

1) Standard Control (F ina l  run) 

2 )  Bad Dynamics 

3) 2/1 Control Sens i t i v i ty  

4)  Bad Dynamics and 2/1 Control S e n s i t i v i t y  

5)  V i s u a l  Error  Feedback 

Six ratings and six t racking performance more8 were compared 

f o r  eauh of these f i v e  conditions. 
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Pooled Effects of Accelerntlon 

ANALYSIS OF VARIANCE OF PITCH ERROR 

Var lab le w m  Significance 

Accelera t lon 3 2 420 946 13 . 76 0,01** 

Dlrec t ion 1 1 997 568 11 . 36 0 . 01+* 
Tnteraatlon 2 44 208 0.25 N.S. 

Error 102 175 902 

2 
D o f P  F Ratio V- - 

Acceleration 2 255 980 1.50 N.3.  

rnm c t ion 1 47 OJUl 0.28 N.S. 

Inte rag t Ion 2 21 065 0.12 N.3 .  

Error 54 170 718 

**9% probabllltp that the obtained blfferenoerr a n  due to the 
experimental condltlonr. 
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Appendix 3a 
PILOT RATINGS FOR PITCH 

Em 
Stat i c  4g 6% Stat i c  

- El31 - 
Standard Control LFinal Teet) 

$2 
s3 
s4 
s5 
S6 

Bad Aircraft Dynamics 

32 

s5 
86 

S 7 
6 6 
5 6 
5 4 
7 e 
5.5 5.5 

2/1 Control Sens i t iv i ty  

52 2 2 
33 
34 
s5 
96 

3 
2 
2 
2 

3 
1 
2 
2 

2 
4 
5 
2 
3 

6 
6 
4 
0 
5.5 

2 
2 
2 
3 
2.5 

2 
4.5 
4 
2 
3 

6 
7 
5 
6 
5 

2 
3 
2 
2 
2 

Bad Aircraft Dynamics + 2/1 Control Senei t iv i ty  

s2 

SS 
s6 
3 

4.5 4.5 
V i s u a l  Error Feedback 

2 
4 
4 

s5 2 
36 2 

2 2 
3 3 
3 3 
3 3 
2 2.5 

6 
5 
7 
7 
5 

2 

2 
2 
2 

445 

2 
4 
3 
2 
3 

i 
6 
5 

2 
3 
1 
2 
2 

6 
4 
6 
7 
5 

2 
3 
3 
2 
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2 
3 
2 
3 

6 
6 
3 
7 
5 

2 
2 
3 
3 
2.5 

6 
5 
6 
0 
5 

2 
4 
3 
3 
2.5 
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PILOT RATINGS FOR ROLL 

EBI - 
Stat ic  4g 63 Stat ic  4g 

Standard Control 

92 2 2 2 2 2 
3 
2 
2 

S ;1 3 
5 

3.5 3 
4 2 

s5 
36 

2 2 
3 3 

2 2 
3 3 3 

Bad Aircraft Dynamics 

s2 3 3 3 3 3 
7 5 
6 5 
5 5 
5 5 

3 
6 33 5 5 5 

94 6 5 
35 5 6 
s6 5.5 5.5 5.5 

56 4 
5 
5 

2/1 Control Senai t iv i tx  

3 3 3 
2 
4 

s2 

$2 S 

3 3 3 
2 
2 

3 
2 

3 
3 

3 
2 

3 
2.5 

35 
86 

2 2 2 
2 2 2.5 

2 
2 

2 
2 

Bad Aircraft Dynamics + 2/1 Control Senel t iv i ty  

6 5 
6 
4 

56 52 
33 
s4 5 
s5 4 4 4 
56 4.5 4.5 4.5 
Visual Error Feedback 

5 

s2 
33 
94 
35 
36 

2 2 2 
4 

2 
4 3 3 

3 3 3 
3 

3 
3 2 

2 
3 3 
2 2.5 2 2.5 
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Appendix 3b 

FRIEDMAN TWO-WAY ANALYSIS OF VARIANCE 
FOR ROLL RATINGS 

E30 - EBI Subject - 
8tRtiC 4g 63 Static 46 6g 

2 1 4 4 4 4 4 

3 6 2.5 2.5 5 2.5 2.5 

5 3.5 3.5 3.5 3.5 3.5 3.5 
6 3.5 3.5 3.5 3.5 3.5 3.5 

Total 18.0 19.5 17.5 20.0 15.0 15.0 

4 4 6 4 4 1.5 1.5 
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Appendix 3b Continued 

FRIEDMAN TWO-WAY ANALYSIS OF VARIANCE 
FOR PITCH RATINGS 

S u b j e c t  E31 EBO 

S t a t i c  43 63 S t a t i o  4& 6 g  

2 1.5 1.5 4 4 4 6 

3 6 2.5 2.5 5 2.5 2.5 

4 4 4 6 4 1.5 1.5 

5 3.5 3.5 3.5 3.5 3.5 3.5 
6 3.5 3.5 3.5 3.5 3.5 3.5 

T o t a l  18.5 15 19.5 20 15 17 

= 1.37 

52t 
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APPENDIX 4 

LIST OF SUBJECTS 

31 P, Blum T e s t  P i l o t ,  Douglas 

32 8. Reid Engineering Student 

S3 H.C.Van Valkenburg T e s t  P i l o t ,  Douglaa 

34 D. Walton Graduate S t u d e n t  

Sj J. Yatea  ReeerLve P i l o t  

S6 R. C. Inn18 Amee T e a t  P i l o t  
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Appendix 7 

ERROR SCORES FOR TRACKING TASKS 
PITCH EBI - 

Stat ic  4g 6lz 
Standard Control- ( I n i t i a l  T e s t )  

Sub. 1 952 
Sub. 2 1927 
Sub. 3 1184 
Sub. 4 2350 
Sub. 5 1531 

S t i c k  Preload 

Sub. 1 988 
Sub. 2 943 
Sub. 3 7 37 
Sub. 5 922 

S t i c k  Spring Constant 

Sub. 1 680 
Sub. 2 830 
Sub. 3 775 
Sub. 5 1031 

Und Aircraft Dynamics 

Sub. 2 2052 
Sub. 3 1208 

Sub. 5 1500 
Sub. 6 1287 

Sub. 4 2781 

2/1 Control  S e n s i t i v i t y  

Sub. 2 880 
Sub. 3 937 
Sub. 4 1066 
Sub. 5 1024 
Sub. 6 1055 

793 
2806 
1350 
3150 
1979 

877 
1915 
792 

1441 

610 
1177 
823 

1181 

1667 
1466 
2638 
1845 
1145 

963 
944 

1615 
957 
641 

909 
2980 
1170 
2090 
2005 

718 
1216 
7-66 

1184 

770 
1735 
2271 
1778 

1257 
1565 
4313 
3477 
1186 

1018 
1085 
2623 
1148 
664 

ED0 
Stat ic  4g 

1331 1545 
1057 3533 
1299 1019 
1689 i g o i  
1255 1988 

084 764 
1034 1608 
1025 861 
1178 1361 

909 1124 

944 1043 
ioig 2209 

1067 1072 

1571 2812 
1820 2531 

1245 1674 

2528 2222 
2889 3569 

1298 1279 

1353 1106 
912 1525 

1490 2092 

867 1298 

l3nd Aircraf t  Dynamics + 211 Control Sensitivity 

Sub. 2 1042 1339 1486 1255 1267 
Sub. 3 1103 2058 1875 1708 1757 
Sub. 4 2272 2645 2937 2732 2458 
Sub. 5 1881 2774 2070 3118 2335 
Sub. 6 1011 1061 1535 1124 1975 

63 

1582 
4427 
1862 
2173 
3029 

12111 ( 1 ) 

22111 

1608 
2379 
1183 
1960 

11111 

1400 
3612 
16-77 
1213 

12211 

3648 
3061 
2742 

15 3 
2439 

12121 

1786 
1702 
1587 
1637 
1219 

12221 

2637 
2026 
2369 
259 3 
1527 
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.Appendix 7 (Continued) EBI 
S t a t i c  4g 

Vioual Error  Feedback 

Sub. 2 82 3 1219 
593 629 

Sub. 1881 1003 
921 1111 Sub. 5 

Sub. 6 459 481 

Standard Control (F ina l  T e s t )  

Sub. 2 960 1207 
Sub. 3 703 665 

, Sub. 4 1018 673 
Sub. 5 749 1300 
Sub. 6 629 762 

sub* 2 

Bad Aircraf t  Dynamics 

Sub. 2 
Sub. 3 

2568 3229 
1086 1762 

Sub. 4 1211 1800 

Sub. 6 907 754 
Sub. 5 1211 1300 

2/1 Control Sens i t i v i ty  

Sub. 2 1742 
;41 1038 

Sub. 497 835 
828 
372 

Sub. 5 
Sub, 6 
Sub. 2 

PITCH (Continued) EBO 
6s 

1229 
746 

1095 
1389 
562 

2035 
894 
908 

2069 
1062 
ROLL - 

3064 
2328 
3081 
1765 
805 

2119 
1219 
897 
880 
322 

S t a t i c  4g 

956 856 
659 1003 

1230 1033 
736 1229 
621 577 

1568 1402 
988 1503 

1387 1066 
783 1249 
885 810 

2253 3862 
1591 129 
1428 1528 

1425 2097 
837 816 
426 785 
731 902 
348 379 

Bad Aircraf t  Dynamics + 2/1 Control S e n s l t l v i t ~  

1704 1602 1605 

Sub. 2 

Sub. 5 1261 2401 1636 2657 2216 

Sub. 3 
Sub. 4 

Sub. 6 863 601 700 787 764 

2098 2663 1506 2095 
1626 1825 3011 1697 3427 

2101 32 

Visual Error  Feedback 

Sub. 2 721 1626 1577 958 1638 
1085 881 797 1132 

601 707 
66 1 

836 522 

223 1316 
692 

Sub. 3 
Sub. 4 
Sub. 'j 640 579 
Sub. 6 1191 1608 1121 

693 539 

121w 

1310 
1289 

12111( 2) 

1322 17 
1321 
1532 
1218 

12211 

23-78 
2172 
1425 
2048 
1929 

12121 

2032 
976 
803 
849 
447 

12221 

3112 
2164 
2156 
2378 

89 3 
12112 

1921 5 8  
741 
839 

3057 

7 6  



Appendix 7 (Continued) - ROLL (Continlle d )  
El31 

S t a t i c  4g 68 S t a t i c  
Standard Control (F ina l  Tes t )  

Sub. 2 837 956 1048 863 
524 722 
481 674 

608 676 

581 549 
338 37 1 Sub. 6 429 519 

28 8% sub* Sub. 3 
Sub. 5 

EBO 
4e 

769 
903 

354 
602 52 

6g 
12111( 2)  

1074 
624 
798 

2;; 
Pi t ch  Scale: -- 

1000 - lo (Average devia t ion  In p i t c h  for a 
one second I n t e r v a l )  

Roll  Scale: 

lo00 I 2.5' (Average devia t ion  i n  r o l l  f o r  a 
one eecond i n t e r v a l )  

Note: 
mode and f i v e  sets for the  roll mode. 
t o  equipment problems whiah r e su l t ed  i n  i n v a l i d  data being 
uol leu ted  for the roll mode f o r  three oonditiona. The p i t c h  
da ta  for these same condition8 was determined t o  be v a l i d  and 
the re fo re  included I n  t h e  repor t .  Time d id  not permit repea t ing  
the oonditiona for which roll  da ta  wan discarded. 

This  appendix conta ins  eight "8et8" of data for the  p i toh  
This disorepancy was due 
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Appendix 8 

COMMAND S I G N A L :  AWRAOE ABSOLUTE INTEGRAL 

t :1 5 

9 
10 il 

20 

Volts* 

1 3 6  
1590 
1770 
1410 
1702 

1292 
1502 

1356 
1311 

1246 
1454 
1876 
1303 
134 

1355 
1311 
1287 

1263 

;z:; 
- 

Roll - 
Degrees** 

3.28 

2: 2: 
2.53 

25 

3.23 
3.75 
3.15 
3.40 
3.28 

3.25 
3.35 

3.40 
3.28 

3.4 
3.53 

71.26 

f 3.56 

3 3  

Volte+ 

6705 
8225 

66 6 
5995 
6984 
6885 
8666 
8077 
8320 

11578 

5521 

1% 
8613 

2605 

8 15 

8945 
3714 

3 19 
3999 

Pitch 

Degrees** 

6.71 
8.23 
5.55 
6.65 
6.00 

- 

8. 
8.32 

11.58 
7.93 a:p 
8. 2 

8.95 
3.71 
3.61 
6.32 
4.00 

139 97 

f 7.00 

*Each e n t r y  repreeente the average of twenty-four eucceseive 
reading8 where each reading l e  the absolute integral for a 
f i v e  second period recorded from the FM tape8 used t o  provide 
the  command elgnal Input. 

+*Average deviation (*) for a one aeoond Interval. 

NASA-Langley, 1964 


